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(57) Abstract: The invention relates to a new and improved process and ap- 
paratus for the production of high purity hydrogen by steam reforming. The 
apparatus is an integrated flameless distributed combustion-membrane steam 
reforming (FDC-MSR) or reactor for steam reforming of a vaporizable hydro- 
carbon to produce H 2 and C0 2 , with minimal CO, and minimal CO in the H 2 
stream. The flameless distributed combustion drives the steam reforming reac- 
tion which pro-vides great improvements in heat exchange efficiency and load 
following capabilities. The reactor may contain multiple flameless distributed 
combustion chambers and multiple hydrogen-selective, hydrogen-permeable, 
membrane tubes. The feed and reaction gases may flow through the reac- 
tor either radially or axially. A further embodiment of the invention involves 
producing high purity hydrogen by dehydrogenation using an integrated FDC 
-membrane de-hydrogenation reactor. A still further embodiment of the in- 
vention involves a zero emission hybrid power system wherein the produced 
hydrogen is used to power a high-pressure internally manifolded molten car- 
bonate fuel cell. In addition, the design of the FDC-SMR powered fuel cell 
makes it possible to capture good concentrations of C0 2 for sequestration or 
use in other processes. 
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(57) Abstract: The invention relates to a new and improved process and 
apparatus for the production of high purity hydrogen by steam reforming. 
The apparatus is an integrated flameless distributed combustion-membrane 
steam reforming (FDC-MSR) or reactor for steam reforming of a vaporiz- 
able hydrocarbon to produce H 2 and CO2, with minimal CO, and minimal 
CO in the H2 stream. The flameless distributed combustion drives the steam 
reforming reaction which pro-vides great improvements in heat exchange 
efficiency and load following capabilities. The reactor may contain multi- 
ple flameless distributed combustion chambers and multiple hydrogen-se- 
lective, hydrogen-permeable, membrane tubes. The feed and reaction gases 
may flow through the reactor either radially or axially. A further embodi- 
ment of the invention involves producing high purity hydrogen by dehydro- 
genation using an integrated FDC -membrane de-hydrogenation reactor. A 
still further embodiment of the invention involves a zero emission hybrid 
power system wherein the produced hydrogen is used to power a high-pres- 
sure internally manifolded molten carbonate fuel cell. In addition, the de- 
sign of the FDC-SMR powered fuel cell makes it possible to capture good 
concentrations of CO2 for sequestration or use in other processes. 
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WE CLAIM: 

1. A flameless distributed combustion heated, membrane, 
steam reforming reactor comprising: 

a) a reforming chamber containing a reforming catalyst 
bed, said reforming chamber having an inlet for vapor- 
izable hydrocarbon and steam, a flow path for hydrogen 
and by-product gases resulting from the reforming reac- 
tions taking place in said reforming chamber and an 
outlet for said by-product gases, 

b) at least one flameless distributed combustion cham- 
ber in a heat transferring relationship with said re- 
forming catalyst bed whereby a distributed, controlled 
heat flux is provided by said flameless distributed 
combustion chamber to said ref ormingcatalyst bed, said 
flameless distributed combustion chamber comprising an 
inlet and a flow path for an oxidant, an outlet for 
combustion gas and further comprising a fuel conduit 
having an inlet for fuel and a plurality of fuel noz- 
zles which provide fluid communication from within the 
fuel conduit to the flow path of said oxidant, said 
plurality of fuel nozzles being sized and spaced along 
the length of said fuel conduit so that no flame re- 
sults when said fuel is mixed with said oxidant in said 
flameless distributed combustion chamber; 

c) a preheat er capable of preheating said oxidant to a 
temperature that when said fuel and said oxidant are 
mixed in said flameless distributed combustion chamber, 
the temperature of the resulting mixture of said oxi- 
dant and fuel exceeds the autoignition temperature of 
said mixture; and 

d) at least one hydrogen-selective, hydrogen- 
permeable, membrane tube in contact with said reform- 
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ingcatalyst bed, said membrane tube having an outlet 
whereby hydrogen formed in the reforming chamber perme- 
ates into said membrane tube and passes through said 
outlet . 

2. A process for the production of hydrogen, comprising: 

a) reacting steam with a vaporizable hydrocarbon at a 
temperature of from about 200 °C to about 700 °C and at a 
pressure of from about 1 bar to about 200 bar in a re- 
action zone containing a reforming catalyst to produce 
a mixture of primarily hydrogen and carbon dioxide, 
with a lesser amount of carbon monoxide; 

b) providing heat to said reaction zone by employing at 
least one flameless distributed combustion chamber 
thereby driving said reaction; and 

c) conducting said reaction in the vicinity of at least 
one hydrogen-permeable, hydrogen-selective membrane 
tube, whereby hydrogen formed in said reaction zone 
permeates through said hydrogen selective membrane tube 
and is separated from said carbon dioxide and carbon 
monoxide . 

3. A membrane, steam reforming reactor comprising: 

a) a reforming chamber containing a reforming catalyst 
bed, said reforming chamber having an inlet for vapor- 
izable hydrocarbon and steam, a flow path for hydrogen 
and by-product gases resulting from the reforming reac- 
tions taking place in said reforming chamber and an 
outlet for said by-product gases , 

b) at least one combustion chamber in a heat transfer- 
ring relationship with said reforming catalyst bed, 
and 

c) at least one hydrogen-selective, hydrogen-permeable, 
membrane tube in contact with said reforming catalyst bed, 
and the membrane tube is also connected to a section con- 
taining a metal hydride precursor, and the hydrogen formed 
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in the reforming chamber permeates through said membrane 
tube to said section containing the metal hydride precursor 
which reacts with the permeated hydrogen to form hydride. 
4. A flameless distributed combustion heated, membrane, 
dehydrogenation reactor comprising: 

a) a dehydrogenation chamber containing a catalyst bed, 
said dehydrogenation chamber having an inlet for vapor- 
izable hydrocarbon, a flow path for hydrogen and prod- 
uct gases resulting from the dehydrogenation reactions 
taking place in said dehydrogenation chamber and an 
outlet for said product gases, 

b) at least one flameless distributed combustion cham- 
ber in a heat transferring relationship with said 
catalyst bed whereby a distributed, controlled heat 
flux is provided by said flameless distributed combus- 
tion chamber to said catalyst bed, said flameless dis- 
tributed combustion chamber comprising an inlet and a 
flow path for an oxidant , an outlet for combustion gas 
and further comprising a fuel conduit having an inlet 
for fuel and a plurality of fuel nozzles which provide 
fluid communication from within the fuel conduit to the 
flow path of said oxidant, said plurality of fuel noz- 
zles being sized and spaced along the length of said 
fuel conduit so that no flame results when said fuel is 
mixed with said oxidant in said flameless distributed 
combustion chamber; 

c) a preheater capable of preheating said oxidant to a 
temperature that when said fuel and said oxidant are 
mixed in said flameless distributed combustion chamber, 
the temperature of the resulting mixture of said oxi- 
dant and fuel exceeds the autoignition temperature of 
said mixture; and 

d) at least one hydrogen-selective, hydrogen- 
permeable, membrane tube in contact with said catalyst 
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bed, said membrane tube having an outlet whereby hydro- 
gen f tfPltfed. in the dehydrogenation chamber permeates 
into said membrane tube and passes through said outlet, 

5. A process for dehydrogenation of ethylbenzene, which 
5 process comprises the steps of feeding ethylbenzene into 

the reactor as described in Claim 4 to produce styrene and 
hydrogen . 

6. A hydrogen fuel cell, wherein the hydrogen feed is 
made by a process as described in claims 2 or 5. 

Ji)_ 7. The reactor, process or fuel cell of claims 1, 2, 3, 4, 
or 5, wherein said catalyst bed is in contact with multiple 
hydrogen-selective, hydrogen-permeable membrane tubes. 

8. The reactor, process or fuel cell of claims 1, 2, 3, 4, 
5, 6, or 7, wherein said catalyst bed is in heat transfer- 

15 ring contact with multiple flameless distributed combustion 
chambers . 

9. The reactor, process or fuel cell of claims 1-8, 
wherein the vaporizable hydrocarbon and steam flow axially 
through said catalyst bed. 

20 10. The reactor process or fuel cell of claims 1-8 , wherein 
the vaporizable hydrocarbon and steam flow radially through 
said catalyst bed. 

11. The' reactor, process or fuel cell of claims 1-8, 
wherein a sweep gas is used to promote the diffusion of hy- 

25 drogen through said membrane tube, said sweep gas being se- 
lected from the group consisting of steam, carbon dioxide, 
nitrogen and condensable hydrocarbon and the vaporizable 
hydrocarbon is selected from the group consisting of natu- 
ral gas, methane, ethyl benzene, methanol, ethane, ethanol, 

30 propane, butane, light hydrocarbons having 1-4 carbon atoms 
in each molecule, light petroleum fractions including naph- 
tha, diesel, kerosene, jet fuel or gas oil, and hydrogen, 
carbon monoxide and mixtures thereof. 
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12. The reactor, process or fuel cell of claims 1-11 
wherein the ratio of the surface area of said flameless 
distributed combustion chambers to the surface area of said 
membrane tubes is from about 0.1 to about 20.0, particu- 

5 larly from about 0.2 to about 5.0, more particularly from 
about 0.5 to about 5.0, and still more particularly from 
about 0.3 to about 3.0 and even more particularly from 
about 1.0 to about 3.0. 

13. The reactor, process or fuel cell of claims 1-12 
10 wherein said catalyst bed contains baffles in a form se- 
lected from the group consisting of (i) washers and disks, 
and (ii) truncated disks. 

14. The reactor, process or fuel cell of claims 1-13, 
wherein the hydrogen-selective and hydrogen-permeable mem- 

15 brane is made of a Pd-alloy layer supported on a porous 
metal, particularly a Pd-alloy layer deposited by elec- 
troless plating on porous metal with an in-situ oxide 
protection layer. 

15. The reactor, process or fuel cell of claims 1-13, 
20 wherein the hydrogen-selective and hydrogen-permeable mem- 
brane is made of a Pd-alloy layer supported on a porous 
metal selected from the group consisting of (i) porous 
nickel-based alloy, (ii) porous Hastelloy®, and (iii) po- 
rous Inconel. 

25 16. The reactor, process or fuel cell of claims 1-13, 
wherein the hydrogen-selective and hydrogen-permeable mem- 
brane has a ratio of length to diameter of less than about 
500, gaps between the membrane tubes are from about H inch 
(about 0.64 cm) to about 2 inches (about 5.08 cm), and gap 

30 between the membrane and FDC tubes is from about H inch 
(about 0.64 cm) to about 2 inches (about 5.08 cm). 
17. The reactor, process or fuel cell of claims 1-13, 
wherein the hydrogen-selective and hydrogen-permeable mem- 
brane has a ratio of length to diameter of less than about 
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250 , gap between the membrane tubes is from about H inch 
(about 1.27 cm) to about 1 inch (about 2.54 cm), and gap 
between the membrane and FDC tubes is from about H inch 
(about 1.27 cm) to about 1 inch (about 2.54 cm). 

18. The reactor, process or fuel cell of claims 1-17, 
wherein the FDC chamber having an external tubular dimen- 
sion such that the length to diameter ratio is higher than 
4. 

19. The reactor, process or fuel cell of claims 1-17, 
wherein the FDC chamber having a tubular dimension such 
that the length to diameter ratio is higher than 10. 

20. The reactor, or process of claims 1-3, wherein carbon 
dioxide produced from said steam reforming chamber has a 
pressure of from about 0.1 to about 20 MPa, particularly 
from about 1 to about 5 MPa based on an international stan- 
dard. 

21. The reactor or process of claims 1-3, wherein carbon 
dioxide produced from said steam reforming chamber has a 
concentration of from about 80%to about 99% molar dry ba- 
sis . 

22. The reactor, process, or fuel cell of claims 1-3, 
wherein carbon dioxide produced from said steam reforming 
chamber has a concentration of from about 90% to about 95% 
molar dry basis. 

23. The reactor, process, or fuel cell of claims 1-3, 
wherein carbon dioxide produced from, said steam reforming 
chamber is used at least in part for enhanced recovery of 
oil in oil wells or enhanced recovery of methane in coal 
bed methane formations. 
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STATEMENT UNDER ARTICLE 19m 

The amended claims l72, 3, 4, 11, 14, 15, 16, 17 and 21; as well as the un- 
changed claims 5, 6, 7, 8, 9, 10, 12, 13, 18, 19, 20, 22, and 23 are all directed to a 
process or a reaction comprising: 

(a) a reaction zone containing a reforming catalyst to produce a mixture of hydro- 
gen and carbon dioxide, 

(b) providing heat to said reaction zone by employing at least one flameless dis- 
tributed combustion chamber (that is, the fuel is provided by "distributed" fuel 
injection), and 

(c) conducting the reaction in the vicinity of at least two hydrogen-permeable, hy- 
drogen selective membrane tubes. 

Unity of Invention 

Applicants believe that by the amendments submitted herewith, the require- 
ment of unity of invention is fulfilled in the group of inventions of claims 1-23. This is 
because each of the inventions in claims 1-23 comprises the special technical features of 
the combination of (i) employing multiple hydrogen permeable and selective tubes and (ii) 
providing heat by "distributed" injection of fuel employing a flameless distributed com- 
bustion chamber, which contributes technically over the prior art. It follows that the inven- 
tions of claims 1-23, as linked by the afore-mentioned common inventive technical fea- 
tures, forms a single inventive concept within the meaning of Rule 13. 1 PCT. 

Novelty and Inventive Steps 

By the amendments submitted herewith, Applicants believe that claims 1-23 
are novel and inventive over the prior art cited in the International Search Report 

The present claims 1-23 relate to an apparatus and process for providing controlled 
heat tp a process for producing hydrogen, which process is conducted in a process cham- 
ber heated with "distributed injection" of fuel in the heater to result in a distributed exo- 
thermic heat release. This results in the advantage of providing a controllable heat flux and 
uniform controllable temperature profile to the process chamber. ^ 
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Furthermore, the claims are amended to clearly define that the inventive system 
employs multiple hydrogen permeable and selective tubes to produce high purity hydrogen 
in high yield. 

5 Claims 1-23 are novel and inventive over WO 02/070402 and WO 99/19302 cited 

in the International Search Report, because these references do not require the use of mu- 
liple hydrogen selective tubes as employed in the presently claimed inventions. It is to be 
noted that WO 02/070402 is published prior to the international filing date of this patent 
application but later than the priority date. 

0 

Claims 1-23 are further distinguishable over EPl a 024,lll, EP924,126 and 
US5,861,l37, which use oxidation chamber packed with catalyst, for the following rea- 
sons: 

(a) In the present claimed invention employs a heater system with distrib- 
5 uted injection of fuel; fuel is not premixed or uncontrollably mixed 

with the air or oxygen as provided in these three references. The present 
system thus avoids the formation of hot spot which can damage the re- 
actor, catalyst, hydrogen selective membranes, etc. 

(b) The present heater of distributed injection of fuel allows the heat flux 

0 profile to be designed by the nozzle (opening) locations and sizes, while 

the oxidation chamber packed with catalyst of these three references are 
not controlled in the distributed manner of the present inventions. 

(c) The present heater does not require the use of catalyst for combus- 
tion/oxidation in the heater. 

5 (d) The present heater may experience less pressure drop, thus involve less 

compression costs for the air and fuel than the designs of the three ref- 
erences. 

(e) The heater design of the present invention has the advantages in reduc- 

ing the maximum skin temperature of the heater and providing heat in- 
3 tegration between inlet and outlet streams (air and flue gas). 
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This International Searching Authority found multiple (groups of) 
inventions in this International application, as follows: 

1. Claims: 1,4,5,6-23 (part.) 

A membrane reactor for the production of hydrogen and 
by-products comprising: 

a) a process chamber containing a catalyst bed, having a 
inlet for gases such as vaporizable hydrocarbon and steam, a 
flow path for hydrogen and by-product gases resulting from 
the reactions taking place 1n the process chamber and an 
outlet for said by-product gases, 

b) a flameless distributed combustion chamber in heat 
exchange relationship with said catalyst bed, said flameless 
distributed combustion chamber comprising an inlet and a 
flow path for an oxidant, an outlet for combustion gas and a 
fuel conduit having an inlet for fuel, a plurality of fuel 
nozzles providing fluid communication from the interior of 
the fuel conduit to the oxidant flow path and being spaced 
and sized so that no flame results, 

c) a preheater suitable for preheating the oxidant, 

d) at least one hydrogen-selective, hydrogen-permeable, 
membrane tube in contact with said catalyst, said membrane 
tube having an outlet for the hydrogen formed in the 
reforming chamber which permeates through the membrane. 

A process using said membrane reactor for the 
dehydrogenation of ethyl benzene Into hydrogen and styrene is 
also claimed. 



2. Claims: 2,6 (part.) 

A process for the production of hydrogen, comprising: 

a) reacting steam with a vaporizable hydrocarbon in a 
reaction zone containing a reforming catalyst to produce a 
mixture of hydrogen and carbon dioxide and some carbon 
monoxide, 

b) providing heat to said reaction zone by employing at 
least one flameless distributed combustion chamber, 

c) conducting the reaction in the vicinity of at least one 
hydrogen-premeable, hydrogen selective membrane tube, 
whereby the hydrogen formed in said reaction permeates 
through said hydrogen-selective membrane tube and 1s 
separated from the carbon oxides. 



3. Claims: 3,7-23 (part.) 

A membrane reactor comprising: 

a) a process chamber containing a catalyst bed, said chamber 
having an Inlet for vaporizable hydrocarbon and steam, a 
flow path for hydrogen and by-product gases resulting from 
the reactions taking place 1n the process chamber and an 
outlet for said by-product gases, 

b) at least one combustion chamber 1n heat exchange 
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relationship with said catalyst bed, 
c) at least one hydrogen-selective, hydrogen-permeable, 
membrane tube 1n contact with said catalyst, said membrane 
tube being also connected to a section containing a metal 
hydride precursor. 
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